We identified that GATA zinc finger domain containing 1 (GATAD1), a transcriptional factor, was significantly up-regulated in hepatocellular carcinoma (HCC) through gene amplification. We demonstrated the critical role, molecular mechanisms, and clinical implications of GATAD1 as a novel oncogenic factor in HCC. We found that GATAD1 protein was expressed in 76.6% of primary HCCs (85/111) but silenced in normal liver tissues. Gene amplification of GATAD1 was positively correlated with its overexpression in primary HCCs (R 5 0.629, P < 0.0001). GATAD1 significantly increased cell proliferation, G 1 -S cell cycle transition, and migration/invasion but suppressed apoptosis in liver cell lines and promoted tumor growth and lung metastasis in both xenograft and orthotopic mouse models. Mechanistically, GATAD1 induced the transcriptional expression of phosphatase of regenerating liver 3 (PRL3) by binding to its promoter identified by RNA sequencing and chromatin immunoprecipitation-PCR analyses. PRL3 played an oncogenic role in HCC. Knockdown of PRL3 blunted the tumorigenic effect of GATAD1. In addition, GATAD1 activated Akt signaling, evidenced by increased phosphorylation levels of total Akt, Akt1, Akt2, and Akt target glycogen synthase kinase 3b, while knockdown of PRL3 abolished this effect of GATAD1. We further unveiled that PRL3 activated Akt signaling by dephosphorylating phosphatase and tensin homolog at tyrosine residue, thus reducing phosphatase and tensin homolog protein. The PRL3 inhibitor 5-[[5-bromo-2-[(2-bromophenyl)methoxy]phenyl]methylene]-2-thioxo-4-thiazolidinone significantly suppressed HCC growth by inhibiting Akt activation. Moreover, high GATAD1 nuclear protein expression was associated with poor survival of HCC patients as an independent prognostic factor. Conclusion: GATAD1 plays a pivotal oncogenic role in HCC by directly inducing PRL3 transcription to activate the Akt signaling pathway. GATAD1 may serve as an independent poor prognostic factor for HCC patients. (HEPATOLOGY 2018;67:2302-2319.
H epatocellular carcinoma (HCC) is one of the most common types of cancer worldwide. (1) Copy number aberrations including chromosome gains and losses, localized amplifications, and deletions are frequently found in human HCC and are major causes of aberrant activation of oncogenes and inactivation of tumor suppressor genes. (2) Some copy number aberrations, such as copy number gain at chromosomal region 8q11 and copy number loss of chromosome 17q13.3, are closely related to clinical outcome or metastatic progression. (3) Therefore, it is of great importance to identify and functionally characterize novel genes with copy number aberrations that are associated with HCC. (4) Considerable efforts have focused on identifying novel gene targets by copy number variation so as to unravel the molecular mechanisms for the activation of oncogenic pathways that contribute to hepatocarcinogenesis and to design better treatments to reduce its mortality. Activation of the Akt signaling pathway has been well established as a major determinant of tumor cell growth and survival in HCC. (5) In normal conditions, the Akt pathway is negatively regulated by phosphatase and tensin homolog (PTEN), which limits the ability of Akt to bind to the membrane, decreasing its activity. (6) Phosphatase of regenerating liver 3 (PRL3), whose expression was up-regulated in HCC, (7) is known to exert its oncogenic functions through multiple oncogenic effector pathways, including phosphoinositide 3-kinase/Akt/mammalian target of rapamycin (mTOR) and mitogen-activated protein kinase. (8) (9) (10) PRL3 has also been shown to increase the activation of Akt by the concomitant down-regulation in protein expression levels of PTEN. (11) We have recently identified that GATA zinc finger domain containing 1 (GATAD1), a transcriptional factor, was an outlier expression gene along with gene amplification in HCC tumor tissues. The genomic location of the GATAD1 gene is on 7q21.2. (12) Regional chromosome 7q21-q22 gain is in close association with HCC progression. (13) The protein encoded by this gene contains a zinc finger at the N terminus (12) and is thought to bind to a histone modification site that regulates gene expression. (14) However, the role of GATAD1 in HCC has not yet been explored. In this study, we characterized the functional significance, molecular mechanisms, and clinical implications of GATAD1 in HCC.
Materials and Methods

TISSUE SAMPLES
Tissue microarrays of 184 HCC cases were constructed from paraffin-embedded HCC tissues, which were collected at the Prince of Wales Hospital of the Chinese University of Hong Kong from 2001 to 2015. The patients' demographic and clinicopathological features are shown in Table 1 . The tumor-node-metastasis (TNM) stage of HCC tissue microarray samples was assessed according to the criteria of the seventh edition of the TNM classification of the American Joint Committee on Cancer. Patients were being regularly followed up, and the median follow-up duration since the time of diagnosis was 49.8 months (range 0.2-167.1 months). In addition, 111 paired primary HCCs and adjacent non-HCC tissues were obtained from patients with HCC without any prior therapeutic intervention at the Prince of Wales Hospital. All of the samples were subsequently verified by histology. Three normal human liver tissue samples were collected from the Department of Liver Transplantation at The University of Hong Kong. Informed consent was given by all patients. The study protocol was approved by the Clinical Research Ethics Committee of The Chinese University of Hong Kong.
HCC CELL LINES
Six HCC cell lines (Huh6, Huh7, SK-Hep1, HepG2, Hep3B, PLC-5) and one immortalized hepatocyte cell line (LO2) were used in this study. Among them, SK-Hep1 has been identified as being of endothelial origin recently. Cells were cultured in Dulbecco's modified Eagle's medium (Gibco BRL, Rockville, MD) supplemented with 10% fetal bovine serum (Gibco BRL).
UBIQUITINATION ASSAY
LO2 and HepG2 cells stably transfected with GATAD1 expression vector or empty vector were transfected with ubiquitin-hemagglutinin for 24 hours. Then the cells were incubated in the presence or absence of 10 lM MG132 (Cell Signaling Technology) for 12 hours. Total proteins were extracted using radio immunoprecipitation assay buffer supplemented with proteinase inhibitor. Immunoprecipitation was then performed using anti-Akt antibody. The immunoprecipitated proteins were subjected to western blotting using antihemagglutinin antibody to evaluate the ubiquitination level. The inputs were subjected to western blot analysis with antibodies against GATAD1, Akt, and b-actin, respectively.
STATISTICAL ANALYSIS
The results were expressed as mean 6 SD. Statistical analysis was performed using SPSS (standard V.16.0; IBM Corporation, Armonk, NY). The Pearson correlation coefficient was used to evaluate the correlation between GATAD1 gene amplification and expression in the clinical samples. The v 2 test was used for comparison of patient characteristics and distributions of expression and covariates by vital status. Crude relative risks (RRs) of death associated with GATAD1 expression and other predictor variables were estimated by the univariate Cox proportional hazards regression model first. A multivariate Cox model was constructed to estimate the adjusted RR for GATAD1 expression. Overall survival in relation to expression was evaluated by the Kaplan-Meier survival curve and the log-rank test. The Mann-Whitney U test or Student t test was performed to compare the variables of two groups. The difference in cell viability and tumor growth rate between the two groups of nude mice was determined by repeated-measures analysis of variance. P < 0.05 was taken as statistically significant.
Additional experimental procedures are provided in the Supporting Information.
Results
GATAD1 IS AMPLIFIED AND OVEREXPRESSED IN HCC
Data mining from The Cancer Genome Atlas (TCGA) data set repository (https://cancergenome.nih.gov/) of 50 pairs of primary HCC tumor tissue samples, we found that GATAD1 mRNA was strongly upregulated in HCC tumor tissues compared to their adjacent nontumor tissues (P < 0.001; Fig. 1A ). Then, we evaluated GATAD1 expression status and copy number variation from the TCGA data set (http:// www.cbioportal.org/index.do). In the TCGA cohort of 364 HCCs, GATAD1 copy number gain occurred in 33.2% of HCC tumor tissues (121/364; Fig. 1B) , and there was a positive correlation between its copy number status and expression (R 5 0.629, P < 0.0001; Fig. 1C ). These data suggest that up-regulation of GATAD1 in HCC is at least in part contributed by DNA amplification. We then evaluated GATAD1 protein level in 20 pairs of HCC tumor tissues and their adjacent normal tissues by western blot. The protein expression level of GATAD1 was significantly higher in primary HCCs compared with their adjacent normal tissues (P < 0.05; Fig. 1D ). In addition, 111 pairs of HCC tumor tissues and adjacent normal tissues were examined by immunohistochemistry (IHC) (Fig. 1E ). GATAD1 nuclear staining was detected in 76.6% of primary HCC tumor tissues (85/111). The level of GATAD1 nuclear expression was significantly higher in HCC tumor tissues compared to their adjacent normal tissues (P < 0.0001; Fig. 1E ).
OVEREXPRESSION OF GATAD1 IS ASSOCIATED WITH POOR PROGNOSIS OF PATIENTS WITH HCC
To evaluate the clinical significance of GATAD1 in HCC, GATAD1 nuclear expression was examined in another cohort of 184 primary HCC tissues in tissue microarray by IHC. There was no correlation between GATAD1 expression status and clinical pathological features such as age, gender, TNM stage, tumor size, and multiple tumors (Table 1) . However, high GATAD1 expression was positively associated with poor differentiation (P < 0.0001). On univariate Cox regression analysis, high GATAD1 expression was associated with an increased risk of cancer-related death (RR, 1.867, 95% confidence interval [CI], 0.999-3.489; P < 0.05; Supporting Table S1 ). As expected, the TNM stage was also a significant prognostic factor (P < 0.0001). After adjustment for potential confounding factors including age, gender, and TNM stage, high GATAD1 expression was found to be an independent risk factor for shortened survival in patients with HCC by multivariate Cox regression analysis (RR, 1.981; 95% CI, 1.056-3.716; P 5 0.0033; Supporting Table S1 ). As shown on the Kaplan-Meier survival curves, those with high GATAD1 expression had significantly shorter survival than those with low GATAD1 expression among patients with HCC (P < 0.05; Fig. 1F ). After stratification by TNM stage, high GATAD1 expression patients had significantly shorter survival in stages I/II (P < 0.01) but not in stages III/IV (Fig. 1F) . Particularly, in stage I/II patients, high GATAD1 expression was associated with an increased risk of tumor-related death on univariate Cox regression (RR, 4.195; 95% CI, 1.440-12.224; P 5 0.009; Supporting Table S2 ). Multivariate Cox regression analysis showed that high GATAD1 expression was an independent predictor of poorer survival of patients with stage I/II HCC (RR, 5.577; 95% CI, 1.891-16.442; P 5 0.002; Supporting Table S2 ).
GATAD1 PROMOTES CELL GROWTH AND CELL CYCLE PROGRESSION AND INHIBITS APOPTOSIS IN HCC CELLS
We examined the protein expression of GATAD1 in HCC cell lines by western blot. GATAD1 was readily expressed in all seven HCC cell lines but absent FIG. 1. GATAD1 is amplified and overexpressed in primary HCC tissue samples, and high expression of GATAD1 is associated with poor prognosis of HCC patients. (A) The TCGA data set of 50 HCC patients showed that GATAD1 mRNA was strongly up-regulated in HCC tumor tissues compared to their adjacent nontumor tissues (P < 0.001). (B) GATAD1 gene copy number gain was identified in 33.2% (121/364) of HCC tumor tissues in the TCGA cohort (Gain, low-level gain; Amplification, high-level amplification). (C) GATAD1 copy number status was positively correlated with its mRNA expression (R 5 0.629, P < 0.0001) in the TCGA cohort. (D) The protein expression level of GATAD1 was significantly higher in primary HCCs compared with their adjacent normal tissues by western blot (n 5 20, P < 0.05). (E) Representative images of IHC staining of GATAD1 protein expression in HCC tumor and adjacent normal tissues. The level of GATAD1 nuclear expression was significantly higher in HCC tumor tissues compared to their adjacent normal tissues by IHC (n 5 111, P < 0.0001). (F) Kaplan-Meier survival analysis in 184 HCC patients. HCC patients with high GATAD1 expression had poorer survival than those with low or negative GATAD1 expression (log-rank test, P < 0.05) in total. Considering the TNM staging, the difference was only significant in stage I/II (P < 0.01) patients but not stage III/IV patients. Abbreviations: N, normal; T, tumor. in normal liver tissues ( Fig. 2A ). High expression of GATAD1 in HCC cell lines and tumor tissues suggested that GATAD1 might have an oncogenic function to promote HCC tumorigenesis. To prove this, stable ectopic expression of GATAD1 in the immortal hepatocyte cell line LO2 and the HCC cell line HepG2 was generated (Fig. 2B) . Conversely, SKHep1 and HepG2 cell lines were used for loss of GATAD1 function by transient transfection of two sets of small interfering RNA (siRNA) against GATAD1 (siGATAD1) (Fig. 2B ). Ectopic expression of GATAD1 in LO2 and HepG2 cells significantly increased cell viability compared with empty vector-transfected LO2 and HepG2 cells (Fig. 2C) , while an inverse effect was observed in SK-Hep1 and HepG2 cells with GATAD1 knockdown (Fig. 2C ).
In keeping with this, the number of colonies which had formed in GATAD1-transfected LO2 and HepG2 cells were significantly increased compared with empty vector-transfected LO2 and HepG2 cells ( Fig. 2D ), while knockdown of GATAD1 inhibited the colony formation ability in SK-Hep1 and HepG2 cells (Fig. 2D ). These results indicated that GATAD1 was important for promoting HCC cell growth.
To characterize the oncogenic mechanism of GATAD1 in HCC cell growth, we further investigated the role of GATAD1 in cell cycle progression. We found that ectopic expression of GATAD1 in LO2 and HepG2 cells significantly decreased the number of cells in G 1 phase (P < 0.01) but increased the number of cells in S phase (P < 0.01) compared with control vector-transfected cells (Fig. 2E) . Conversely, knockdown of GATAD1 in SK-Hep1 and HepG2 cells by siGATAD1 arrested the cell cycle at the G 1 -S transition (Fig. 2E ). Western blot analysis showed that key G 1 cell cycle regulators cyclin D1, cyclin D3, and cyclin-dependent kinase 4 (CDK4) were elevated and that G 1 cell cycle inhibitors p21 Cip1 and p27
Kip1 were reduced in GATAD1 overexpressing LO2 and HepG2 cells (Fig. 2E ), while knockdown of GATAD1 in SK-Hep1 and HepG2 cells had the opposite effect (Fig. 2E) , confirming the role of GATAD1 in promoting cell growth by regulating cell cycle progression in HCC cells.
We further examined the contribution of apoptosis to the observed GATAD1-enhanced tumor growth in HCC cells. The effect of GATAD1 on apoptosis was assessed quantitatively by flow cytometry after staining with annexin V and 7-amino-actinomycin D. The results showed a reduction in the number of early apoptotic cells (3.37 6 0.20% versus 2.13 6 0.20%, P < 0.05) and late apoptotic cells (2.03 6 0.07% versus 1.67 6 0.09%, P < 0.05) in GATAD1-transfected LO2 cells compared with vector-transfected LO2 cells (Fig. 2F) . A similar effect was observed in GATAD1-transfected HepG2 cells, which showed a reduced proportion of cells in the early apoptotic phase (3.67 6 0.09% versus 2.80 6 0.12%, P < 0.01) and in the late apoptotic phase (11.50 6 0.55% versus 5.70 6 0.29%, P < 0.001) compared with control cells (Fig. 2F) . To further clarify whether knockdown of GATAD1 could reverse this phenotype, siRNA against GATAD1 was transiently transfected into SK-Hep1 and HepG2 cells. The percentage of early and late apoptotic cells in siGATAD1 SK-Hep1 and HepG2 cells was significantly increased compared with control cells (Fig. 2F) . We examined the key cell apoptosis regulators by western blot and found that GATAD1 significantly reduced the protein levels of the active forms of caspase-3, caspase-7, caspase-9, and poly(adenosine diphosphate-ribose) polymerase in LO2 and HepG2 cells, while knockdown of GATAD1 in SK-Hep1 and HepG2 cells had the opposite effect (Fig. 2F ). Therefore, our results indicated that GATAD1 suppressed the occurrence of apoptosis in HCC cells.
GATAD1 PROMOTES THE MIGRATION AND INVASION ABILITIES IN HCC CELLS
The tumor-promoting effect of GATAD1 was further evaluated on cell migration and invasion. Ectopic expression of GATAD1 significantly increased the migration abilities in LO2 (P < 0.01) and HepG2 (P < 0.001) cells compared to control cells. Matrigel invasion assay also showed that overexpression of GATAD1 promoted the invasion of LO2 (P < 0.01) and HepG2 (P < 0.05) cells (Supporting Fig. S1A,B) . In keeping with this, GATAD1 promoted epithelialmesenchymal transition evidenced by up-regulating mesenchymal regulators N-cadherin and Slug (Supporting Fig. S1C ).
GATAD1 PROMOTES TUMORIGENICITY IN NUDE MICE
To further explore the in vivo tumorigenic ability of GATAD1, empty vector-transfected and GATAD1-transfected LO2 cells were injected into the left and right flanks of nude mice, respectively. We found that tumor growth rates in the nude mice injected with the LO2-GATAD1 cells were significantly faster than those in mice injected with the LO2-vector control cells (P < 0.01; Fig. 3A) . At the end of the experiment, the mice were sacrificed and the xenografts were excised (Fig. 3A) . The average tumor weight in nude mice injected with LO2-GATAD1 (0.162 6 0.032 g) was significantly heavier compared with that in control mice (0.036 6 0.007 g) (P < 0.01; Fig. 3A) . IHC staining confirmed the GATAD1 transfected efficiency in xenograft tumor tissues (Fig. 3B) . Similar to the in vitro experiments, significantly more proliferating cells (P < 0.01) and fewer apoptotic cells (P < 0.01) were observed in GATAD1 overexpressing xenografts, as indicated by Ki-67 staining and terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) assays, respectively (Fig. 3B) . Conversely, silencing of GATAD1 in HepG2 cells inhibited tumorigenic ability in a subcutaneous xenograft mouse model (Fig.  3C ). GATAD1 knockdown efficiency was verified by IHC staining (Fig. 3D) . In concordance with the in vitro findings, significantly fewer proliferating cells (P < 0.05) and more apoptotic cells (P < 0.01) were detected in GATAD1-knockdown xenografts, as indicated by Ki-67 staining and TUNEL assays, respectively (Fig. 3D) .
Orthotopic xenograft tumor models were established using subcutaneous xenograft tumors in HepG2 cells with and without lentivirus-mediated GATAD1 knockdown. The results showed that knockdown of GATAD1 in HepG2 cells significantly decreased the orthotopic liver tumor volume and tumor weight compared to controls (P < 0.01; Fig. 3E ). Moreover, GATAD1 knockdown in HepG2 cells significantly suppressed lung metastasis compared to controls (P < 0.05; Supporting  Fig. S1D ). These data suggested that GATAD1 promoted the metastatic ability of HCC cells.
GATAD1 INDUCES PRL3 TRANSCRIPTIONAL EXPRESSION BY DIRECTLY BINDING TO PRL3 PROMOTER
It has been reported that GATAD1 is a transcription factor that can regulate downstream gene expression. (14) To confirm this, we first examined whether GATAD1 localizes primarily to the nucleus by double immunofluorescence of GATAD1 and 4 0 ,6- diamidino-2-phenylindole (a blue fluorescent nucleic acid stain). GATAD1 showed a strong nuclear signal in GATAD1-transfected LO2 and HepG2 cells (Fig. 4A) . In order to characterize the direct targets of GATAD1 that conferred oncogenic properties in HCC, we performed RNA sequencing in LO2-GATAD1 and HepG2-GATAD1 cell lines as well as their vector-control counterparts. Thirty-nine genes were up-regulated in both overexpression cell lines (fold change >1.2; P < 0.05) ( Fig. 4B ; Supporting Table S3 ). To limit the candidate genes, data mining from the TCGA data set showed that the mRNA levels of 16 genes were significantly up-regulated in HCC tumor tissues compared to their adjacent normal tissue ( Fig. 4B ; Supporting Table S4 ). The genome-wide binding locations of GATAD1 were estimated using the GATAD1 chromatin immunoprecipitation (ChIP) sequencing data set (http://www.ncbi.nlm. nih.gov/geo/query/acc.cgi?acc5GSE20303). Because GATAD1 had a zinc finger domain, (12) the most likely transcription factor binding site pattern for GATAD1 was CCCMGCCC (Fig. 4B) . In this connection, eight genes with transcription factor binding sites in their promoter region were selected (Fig. 4C) . Among them, only PRL3 belongs to the proteintyrosine phosphatase family. Real-time PCR confirmed that PRL3 was up-regulated in GATAD1 overexpressing LO2 and HepG2 cells (Fig. 4D) . Moreover, ChIP-PCR was performed in LO2-GATAD1 and HepG2-GATAD1 cell lines. As expected, GATAD1 was enriched in the promoter of PRL3 in LO2 and HepG2 cells (Fig. 4E) . Moreover, we evaluated the influence of GATAD1 overexpression on the other two potential target genes (BIRC7 and ICAM5). The results showed that GATAD1 was enriched in the promoter of BIRC7 and ICAM5 in LO2 and HepG2 cells by ChIP-PCR and increased their mRNA expression (Supporting Fig.  S2A,B) . Moreover, GATAD1 mRNA expression was positively correlated with BIRC7 mRNA expression in 50 HCC tumor tissues (R 5 0.79, P < 0.001; Supporting Fig. S2C ).
PRL3 PLAYS AN ONCOGENIC ROLE IN HCC, AND THE EFFECT OF GATAD1 IS DEPENDENT ON PRL3
We found that PRL3 mRNA expression was increased in HCC tumor tissues compared with adjacent normal (P < 0.01) (Fig. 5A) . Analysis of the TCGA data set also showed that PRL3 was upregulated in HCC tumor tissues (P < 0.0001) (Fig.  5A) . These results indicated that PRL3 might play an oncogenic role in the development of HCC, which was consistent with results reported by others. (7) To study the functional role of PRL3 in HCC, SK-Hep1 and HepG2 cells were transiently transfected with two sets of siRNA against PRL3 or control. Knockdown of PRL3 significantly suppressed cell proliferation (Fig.  5B ). In keeping with this, PRL3 knockdown decreased the protein levels of CDK4 and cyclin D1 and increased p27
Kip1 levels by western blot (Fig. 5C ). Moreover, we investigated the effect of PRL3 knockdown on GATAD1-mediated cell proliferation. LO2 and HepG2 cells stably transfected with GATAD1-expressing or empty vector were cotransfected with siRNA against PRL3. Our results showed that PRL3 knockdown partially abolished the effect of GATAD1 on cell viability (Fig. 5D ) and colony-formation abilities in both LO2 and HepG2 cells (Fig. 5E) . The PRL3-dependent oncogenic role of GATAD1 was further investigated with an in vivo model. LO2 cells stably transfected with GATAD1 expressing or empty vector were cotransfected with lentivirus short hairpin RNA-PRL3. The cells were subcutaneously injected into the right flanks of nude mice. We found that PRL3 knockdown partially abolished the effect of GATAD1 on tumor growth (Fig. 5F ). These results indicated that the oncogenic function of GATAD1, at least in part, depended on the existence of PRL3 in HCC cells.
GATAD1 ACTIVATES THE Akt SIGNALING PATHWAY IN A PRL3-DEPENDENT MANNER
To gain insight into the downstream signaling pathways modulated by GATAD1 in HCC development, we performed promoter-luciferase (luc) activity assays using several pathway luc reporters including nuclear factor jB-luc, p53-luc, activator protein-1-luc, serum response element-luc, superTOP-luc, and forkhead response element (FHRE)-luc. Ectopic expression of GATAD1 significantly reduced FHRE-luc reporter activities in LO2 and HepG2 cells, whereas no significant activity changes were observed in other pathway reporters (Fig. 6A) . FHRE is the response element of forkhead box O3, which is a transcription factor that regulates the expression of some tumor suppressor genes. It was reported that Akt promotes cell survival by phosphorylating and inhibiting forkhead box O3. (15) In keeping with this, GATAD1 increased the levels of phospho-Akt (Thr450), phospho-Akt1 (Ser473), phospho-Akt2 (Ser474), and total Akt in LO2 and HepG2 cells (Fig. 6B) , whereas no significant changes were observed in the mRNA levels of AKT1 and AKT2 (Supporting Fig. S3 ). In order to investigate whether GATAD1 increased the level of Akt by affecting ubiquitination/degradation of Akt, we examined the ubiquitination and protein levels of Akt in the presence or absence of GATAD1 and/or the proteasome inhibitor MG132 after transfection with ubiquitin-hemagglutinin in LO2 and HepG2 cells. GATAD1 decreased the ubiquitination level of Akt (anti-Akt immunoprecipitation product) (Fig. 6C) . Both GATAD1 overexpression and MG132 treatment increased the protein level of Akt but not the mRNA expression of Akt (Supporting Fig. S3 ), suggesting that GATAD1 could stabilize Akt by inhibiting its ubiquitin-mediated degradation. The phosphorylation level of glycogen synthase kinase 3b, a target of Akt, was also enhanced by GATAD1 (Fig.  6B) . In light of our observation that GATAD1 could directly induce PRL3 expression, we postulated that GATAD1 might activate the Akt signaling pathway by up-regulating PRL3. To prove this, we knocked down PRL3 expression in SK-Hep1 and HepG2 cells. Western blot showed that knockdown of PRL3 by siRNA-PRL3 reduced the levels of phospho-Akt (Thr450), phospho-Akt1 (Ser473), and phosphoAkt2 (Ser474) (Supporting Fig. S4 ). Moreover, GATAD1 increased the protein levels of PRL3 and phospho-Akt (Ser 473) in GATAD1 expressing LO2 xenograft tumors compared to controls by western blot (Fig. 6D1) . We also determined the protein expression of GATAD1, PRL3, and phospho-Akt in paired HCC tumor tissues. The result showed that the protein levels of GATAD1, PRL3, and phospho-Akt were consistently higher in tumor tissues compared to their adjacent normal tissues. Proliferating cell nuclear antigen as a marker for proliferation was also enhanced in HCC tumors (Fig. 6D2) . Furthermore, PRL3 knockdown by siRNA-PRL3 abolished the effect of GATAD1 on activating the Akt signaling pathway as evidenced by western blot and luc reporter assay (Fig.  6E1,2 ). Taken together, these results suggested that the effect of GATAD1 on activating the Akt signaling pathway was PRL3-dependent. Because Akt is not the only target of PRL3, (11, 12) we further investigated mTOR and p38 mitogen-activated protein kinase in GATAD1 overexpressing cells. The results showed that phospho-mTOR as well as the downstream effector of mTOR, phospho-p70 S6 kinase (Thr389), and phospho-4E-BP1 were significantly elevated in GATAD1 overexpressing LO2 and HepG2 cells by western blot (Supporting Fig. S5A ). Phospho-p38 mitogen-activated protein kinase was also up-regulated in GATAD1 overexpressing LO2 and HepG2 cells (Supporting Fig. S5B ), suggesting the activation of mTOR and p38 by GATAD1.
PRL3 DEPHOSPHORYLATES PTEN AT TYROSINE AND CONSEQUENTLY ACTIVATES Akt SIGNALING
Our results indicated that PRL3 enhanced the Akt phosphorylation level at Ser473 and Ser474 and activated the Akt signaling pathway. However, PRL3 belongs to the protein tyrosine phosphatase family, whose physiological function is to dephosphorylate its substrates at tyrosine. (16) Therefore, the mechanism by which PRL3 activated the Akt signaling pathway remains unclear. PRL3 down-regulates PTEN expression, a negative regulator of the Akt pathway. (11) Phosphorylation of PTEN at Tyr336 is required for maintenance of PTEN protein stability and prevention of PTEN degradation. (17) We therefore speculated that PRL3 might dephosphorylate PTEN at tyrosine sites and consequently reduce the PTEN protein level. To confirm this hypothesis, immunoprecipitation was performed to determine the effect of PRL3 on PTEN phosphorylation and expression. PRL3 (C104S), which was a catalytically inactive PRL3 mutant, was used as a negative control. As expected, PRL3 clearly reduced PTEN phosphorylation at the tyrosine residue and PTEN protein in PRL3 overexpressing LO2 and HepG2 cell lines, with no significant changes in PRL3 (C104S) mutant cells (Fig. 6F) . Collectively, these results suggested that PRL3 activated the Akt pathway by reducing tyrosine phosphorylation of PTEN and the PTEN protein level.
PRL3 INHIBITOR SUPPRESSES HCC GROWTH BY INHIBITING Akt SIGNALING
To assess the therapeutic potential and examine a landmark guiding to PRL3-targeted therapy, we evaluated the anticancer activity of the PRL3 inhibitor (Fig. 7B1 ). HepG2 cells were more sensitive to PRL3 inhibitor treatment than SKHep1 and PLC5 cells with moderate expression of PRL3. It was interesting to note that the 50% inhibition concentration of LO2 was much higher than that of other HCC cell lines, which implied that LO2 was more resistant to PRL3. Moreover, the sensitivity of the drug was in keeping with the expression levels of endogenous PRL3. These results indicated that PRL3 inhibitor treatment retarded HCC cell growth in a dose-dependent manner but did not affect normal liver cell viability. In addition, we treated the cell lines with 30 lmol/L of BR-1 to see the therapeutic effect of PRL3 inhibition on HCC cell lines. BR-1 inhibited cell proliferation in a time-dependent manner in HCC cell lines but had little effect on the immortal normal hepatocyte cell line LO2 (Fig. 7B2) . To test whether BR-1 repressed HCC in vivo, mice with HCC (HepG2) xenografts were treated with BR-1 (50 mg/ kg, intraperitoneal injection, three times per week). Treatment with BR-1 resulted in significant suppression of tumor growth ( Fig. 7C; Supporting Fig. S6 ). Western blot showed that treatment with BR-1 reduced the levels of phospho-Akt1 (Ser473) and phosphoAkt2 (Ser474) in SK-Hep1 and HepG2 cells, which indicated that BR-1 suppressed HCC growth by inhibiting the Akt signaling pathway (Fig. 7D) . Moreover, we investigated the effect of BR-1 on GATAD1-mediated cell proliferation. LO2 and HepG2 cells stably transfected with GATAD1-expressing or empty vector were treated with BR-1. Our results showed that BR-1 partially abolished the effect of GATAD1 on cell viability (Fig. 7E) . Collectively, BR-1 showed therapeutic impact on HCC and might be useful in HCC with GATAD1 and PRL3 high expression.
Discussion
In this study, we demonstrated that GATAD1 was frequently overexpressed in primary HCC tumor tissues and HCC cell lines but silenced in normal human liver tissues due to copy number gain. It was reported that amplification at the 7q21 locus contributes to the development or progression of HCC. (13) GATAD1, located at 7q21, (12) was amplified in 33% of HCCs, which was significantly correlated with GATAD1 overexpression, suggesting that GATAD1 gene amplification contributes to its overexpression in HCCs. GATAD1 was overexpressed in up to 76% of cases, suggesting that, besides gene amplification, additional mechanisms (such as epigenetic regulation including microRNA) may also regulate the enhanced GATAD1 expression in HCC. Analyses of GATAD1 protein expression on 111 HCC tissue microarray slides demonstrated that GATAD1 protein was expressed in 76.6% of primary HCCs. Overexpression of GATAD1 was significantly associated with poor tumor differentiation (P < 0.0001). High GATAD1 expression was an independent risk factor of poor survival in patients with HCC. In particular, high GATAD1 expression was significantly associated with shorter survival and was an independent risk factor of poor survival for patients with stage I/II HCC (RR 5 5.577, P 5 0.002). These results suggested that GATAD1 overexpression could be regarded as a prognostic factor for HCC, especially in patients at TNM stages I/II. Patients with HCC vary greatly in clinical outcome, depending on the growth status and aggressiveness of tumors. At present, the most important clinical prognostic indicator of disease outcome is TNM stage. Nevertheless, some patients with earlystage HCC still experience a poor outcome. Therefore, this additional prognostic biomarker is useful to provide better risk assessment of HCC patient prognosis.
We found that GATAD1 was commonly upregulated in patients with HCC. This implies the importance of the oncogenic function of GATAD1 during hepatocellular carcinogenesis. With this connection, we investigated the function of GATAD1 in HCC both in vitro and in vivo. Ectopic expression of GATAD1 in LO2 and HepG2 cells significantly enhanced cell viability and colony-formation ability compared with empty vector transfection. Conversely, knockdown of GATAD1 in SK-Hep1 and HepG2 cells significantly suppressed cell growth. Furthermore, subcutaneous xenograft and orthotopic models confirmed that GATAD1 significantly promoted tumorigenicity of HCC cells in nude mice. The mechanism by which GATAD1 promoted HCC cell growth was mediated by promoting G 1 -S cell cycle transition and inhibiting cell apoptosis. G 1 -S transition by GATAD1 was associated with the up-regulation of cyclin D1 and CDK4 as well as the reduction of p27
Kip1 and p21 Cip1 . The cyclin D1/CDK4 complex is a key regulator of the transition through the G 1 phase of the cell cycle which governs cell cycle progression. The role of p21
Cip1 and p27 Kip1 as two key CDK inhibitors has been well accepted. (18) Concomitantly, the growth-enhancement effect of GATAD1 was also related to the inhibition of apoptosis, as evidenced by the GATAD1-expressing cultured HCC cell lines and xenograft tumors in the nude mice. Apoptosis was mediated by the caspase-dependent apoptosis pathway including casepase-9, casepase-3, casepase-7, and poly(adenosine diphosphate-ribose) polymerase. (19) Therefore, GATAD1 exerts its effect by regulating the cell cycle and cell death to promote tumor growth.
To understand the molecular basis of the role of GATAD1, integrative analysis of RNA-sequencing and transcription factor binding site prediction using
